Characterizing the genetic variation underlying phenotypic traits is a central objective 2 in biological research. This research has been hampered in the past by the limited 3 genomic resources available for most non-model species. However, recent 4 advances in sequencing technology and related genotyping methods are rapidly 5 changing this. Here we report the use of genome-wide SNP data from the 6 ecologically and commercially important marine fish species Chrysophrys auratus 7 (snapper) to 1) construct the first linkage map for this species, 2) scan for growth 8 QTLs, and 3) search for candidate genes in the surrounding QTL regions. The newly 9 constructed linkage map contained ~11K SNP markers and is the densest map to 10 date in the fish family Sparidae. Comparisons with available genome scaffolds 11 indicated that overall marker placement was strongly correlated between the 12 scaffolds and linkage map (R = 0.7), but at fine scales (< 5 cM) there were some 13 precision limitations. Of the 24 linkage groups, which reflect the 24 chromosomes of 14 this species, three were found to contain QTLs with genome-wide significance for 15 growth-related traits. A scan for 13 known candidate growth genes located the genes 16 for growth hormone, parvalbumin, and myogenin within 13.2, 2.6, and 5.0 cM of 17 these genome-wide significant QTLs, respectively. The linkage map and QTLs found 18 in this study will advance the investigation of genome structure and selective 19 breeding in snapper. 20
INTRODUCTION 21
Characterizing the genetic variation that affects phenotypic traits is a central goal in 22 biology. Understanding this variation can inform selective breeding programmes 23 (Dekkers, 2012) , be used to predict disease risk in medicine (Lehner, 2013) , and 24 help researchers to understand evolution in natural populations (Savolainen et al., 25 2013) . While genetic research has typically been pioneered in laboratory model 26 species, the development of cheaper high-throughput genomic methods (e.g. next 27 generation sequencing) is now allowing this research to be extended to a wide range 28 of non-model species (Braasch et al., 2015; Hilario, 2015) . 29
Locating and characterizing quantitative trait loci (QTLs) is one common approach 30 used to investigate how genetic variation influences a specific phenotype (e.g. Barria 31 et al., 2017; Chen et al., 2017; Pértille et al., 2017) . QTL mapping methods locate 32 specific loci that are influencing a phenotypic trait based on a significant correlation 33 between allelic variation of that loci and variation of the trait (Lynch and Walsh, 34 1998) . New QTLs can be informative as standalone observations, or used to identify 35 candidate genes and causative variants in the surrounding genome, which may be 36 influencing the trait (e.g. Bettembourg et al., 2017). Genotype-phenotype datasets 37 can also be used to develop multi-marker models (based on multiple QTLs) which 38 explain variation of one or more phenotypic traits (e.g. genomic selection models) 39 (Cros et al., 2017) . 40
Having a road-map of the genome (e.g. linkage map or high quality genome 41 assembly) is an important prerequisite for QTL mapping, as it allows the relative 42 positioning of different loci. High-quality genome assemblies are most effective 43 because they allow genetic markers to be positioned at a base-pair level while also 44 providing sequence information for the surrounding area. However, most non-model 45 species do not currently have chromosome-level genome assemblies and instead 46 rely on linkage maps to ascertain the relative position of markers in the genome 47 (Braasch et al., 2015) . Although they are much less precise than high quality 48 genome assemblies, linkage maps can serve the dual purpose of bridging the 49 resource gap before a genome is developed and providing useful information to 50 improve the arrangement of scaffolds during the genome assembly process (Fierst, 51 2015) . Data sets that are developed for constructing a linkage map can also be used 52 in QTL mapping. 53
Research on marine teleost fish is one area that has potential to benefit from more 54 affordable and higher-throughput genomic technologies. Teleost fish are the largest 55 group of vertebrates, with over 26,000 species of fish (Miller and Harley, 2006) , most 56 which have limited geographic range and many are of commercial significance. The 57 high diversity of production species means that scientific efforts are spread thinly, 58 with few to no genomic resources available for many species. One such species, 59 and the focus of this study, is the marine finfish Chrysophrys auratus (henceforth 60 referred to as "snapper"). Snapper supports a valuable recreational and commercial 61 inshore fishery around the northern parts of New Zealand, southern Australia, and 62 some of the Pacific Islands and is a strong candidate for development into an 63 aquaculture species in both New Zealand and Australia. However, until recently 64 there has been limited or no genomic research carried out on this species 65 One of the most important traits in farmed species is growth rate, as it directly affects 66 the efficiency of production systems. In many animal species growth is a complex 67 trait that is influenced by a network of genes (De-Santis and Jerry, 2007) and many 68 environmental factors, such as seasonal variation in temperature, food availability, 69 and competition (Handeland et al., 2008 tank was used to produce the offspring F 2 generation. This resulted in a complex 94 pedigree, meaning that we obtained a combination of full-sibling, half-sibling, and 95 unrelated individuals in the F 2 generation (Ashton et al., 2018). The F 2 offspring were 96 held in a single tank until they were approximately one year old and then split evenly 97 among four tanks with comparable feeding, light, water flow, aeration, tank design. 98
All research carried out in this study was reviewed and approved by the animal 99 ethics committee of Victoria University of Wellington (Application number 2014R19). 100
Phenotyping 101
The three measures of growth rate used in the current study were fork length, 102 peduncle length, and weight. Fork length was the distance from the nose to the fork 103 in the tail. Peduncle length was the distance from the nose to the narrowest cross-104 section across the tail. Measurements were made when the fish were approximately 105 one year old (436-487 days) and again when they were approximately three years 106 old (1045-1131 days). Length measurements were made by collecting images of 107 each individual and then making measurements from those images. A ruler was 108 included in each image to provide a scale. The number of individuals measured 109 differed between year one and year three as a result of natural mortality during the 110 study. 111
Preparation of GBS libraries 112
Samples of fin tissue were collected for all fish and DNA was extracted from these 113 samples using a modified salt extraction protocol (Ashton et al., 2018). DNA was 114 genotyped using a modified genotyping by sequencing approach (Hilario, 2015 The parents for each individual in the dataset were previously identified using Cervus 127 (Kalinowski et al., 2007) 
QTL identification 154
Quantitative trait loci identification was carried out using QTDT 2.6.1 (Abecasis et al., 155 2000). This software performs a transmission disequilibrium test based on the 156 differential transfer of alleles from parents to offspring (i.e. parents act as controls for 157 population stratification). With parents as controls, transmission disequilibrium tests 158 are unaffected by complex pedigree sample designs (Spielman and Ewens, 1996) . 159
Genotype data from the F 1 and F 2 generations and phenotyping data from the F 2 160 generation were used. Only markers that had been placed on the linkage map were 161 included in this analysis. Before running the analysis, the genotype data were filtered 162 for Mendelian errors by dropping loci for any individual that contained alleles not 163 observed in either of the two parents. The phenotype measurements used for the 164 analysis were standardized by tank and date collected to correct for temporal and 165 tank effects. The QTL scan results from QTDT were visualised using the ggplot2 166 library in the R statistical environment (version: 3.2.3) (R Core Team, 2013). A 167
Bonferroni correction was used to calculate 95% confidence limits (i.e. 0.05 / number 168 of markers) at a linkage group and genome-wide scale. A randomized dataset was 169 also put through QTDT 2.6.1 to check for the possibility of false positive QTL signals. 170 This dataset was constructed by randomizing the phenotypes between offspring 171 within each family, but leaving the genotype data untouched. 172
Candidate genes and their location 173
The position of 13 candidate growth genes for fish (De-Santis and Jerry, 2007) and 174
QTLs for growth identified in this study were compared using an initial snapper 175 reference genome (Wellenreuther et al., unpublished). To do this, the sequence for 176 each candidate gene was located on the NCBIS nucleotide database from the 177 closest related teleost species -either the DNA or mRNA sequence. DNA sequences 178 were aligned with the genome scaffolds by selecting the largest exon for the target gene and aligning with the "Map to Reference" alignment using the "Geneious 180 mapper" in Geneious 10.0.9 (Kearse et al., 2012); alignment sensitivity was set to 181 "High Sensitivity / Medium" with default settings. For mRNA sequences the 182 sequences were aligned with the "Map to Reference" alignment using the "RNA Seq" 183 mapper in Geneious 10.0.9; alignment sensitivity was set to "High Sensitivity / 184
Medium" with the maximum gap size increased to 1000 bp. For each alignment the 185 percentage of matching base pairs was reported for the largest exon. The linkage 186 group and cM position of the scaffold containing specific candidate genes was then 187 located using the STACKs output files and the newly constructed linkage map. 188
Sequence data are available at GenBank; trait and linkage map data at Zenodo, the 189 accession numbers are listed in Supplementary table 3 (this will be (Table 1 ). In the second set of measurements the same measures were 199 257.7 ± 21.0, 214.3 ± 17.0, and 363.2 ± 84.9, respectively ( Table 1) 
Pedigree structure and linkage map 211
Parents were identified for 93% of the individuals in the F 1 and F 2 generations. The 212 remaining 7% with missing parents were mainly located in the F 1 generation, and 213 were the result missing F 0 wild-caught individuals that were not available for 214 sampling at the time of the study. A mixture of full sibling and half sibling families 215 was present in the F 2 generation. 216 A total of 10,968 SNPs were positioned on the linkage map ( (Figure 4) . When looking at a single F 2 family we see a high degree of 233 linkage. However, when looking at the whole F 2 generation the decay of linkage and 234 linkage disequilibrium is much greater, with minimal linkage observed even over 235 small distances. 236
QTL mapping 237
Multiple QTLs were found for all three traits ( Figure 5 , Table 2 , and Supplementary 238 table 1). Most of the QTLs were shared among the three traits. QTLs on linkage 239 groups 3, 11, and 16 passed the genome-wide significant -log10(p) of 5.33 ( Figure 5  240 and Table 2 ). The QTLs on linkage group 3 and 11 were located in a small region (< 241 11 cM), but on linkage group 16 QTL peaks passing the genome-wide significance 242 level were observed across the length of the linkage group. The QTLs found in year 243 one had moderate effect sizes ranging from a minimum R 2 of 0.04 to a maximum of 244 0.10. Genome-wide significant QTLs were not found for any of the traits in year 245 three, but chromosome-wide significant QTLs were found on linkage groups 5, 11, 246 12, and 24. No false positive QTL signals were detected when the randomized 247 dataset was put through the QTL mapping software. 248
Candidate genes 249
The base-pair position on the genome scaffolds were found for all 13 candidate 250 genes ( Supplementary table 2) including growth hormone, growth hormone receptor, 251 growth hormone receptor type 1, growth hormone receptor type 2, insulin like growth 252 factor 1, insulin like growth factor 2, myogenic factor 1, myogenic factor 2, myogenic 253 regulatory factor 4, myogenic regulatory factor 6, myogenin, myostatin, and 254 parvalbumin. Based on the largest exon, all genes exhibited high base-pair similarity 255 with the target genome position (88.7 to 99.3%). Of the candidate genes 256 investigated, growth hormone, myogenin, and paravalbumin were located on linkage 257 groups containing genome-wide significant QTLs ( Figure 5 ; these were located 258 within 13.2, 2.6, and 5.0 cM of a genome-wide significant QTL peak, respectively. 259
DISCUSSION 260
We assembled the first chromosome level linkage map for the Australian snapper. 261
Proof checking against our de novo genome assembly indicated that the linkage 262 groups were of high quality. QTL mapping revealed eight markers on three linkage 263 groups that were significantly associated with growth rate. Three candidate genes for 264 growth rate were located on the same linkage groups as these QTL. These genomic 265 resources will be used to advance the selective breeding programme currently 266 underway on the study population and will form the basis of further genomic 267 investigation in snapper. (Figure 3 ). While the correlation is clear, it is also apparent that at a 286 fine scale (< 5 cM intervals) there is some variation around the exact placement of 287 SNPs. In many cases this variation is probably the result of inherent precision 288 limitations in the dataset (sample size + number of recombination events), but some 289 of this variation could also be the result of differential recombination patterns across 290 the genome (as observed in Roesti et al., 2013) . 291
Using the newly constructed linkage map and available genome scaffolds, we were 292 able to calculate the sex-specific recombination rates for snapper (female = 3. (Fierst, 2015) . Future work in snapper would 311 benefit greatly from the combined use of the linkage map and available genome 312 scaffolds to position SNPs more precisely. To do this, the linkage map could be used 313 to position large genome scaffolds into chromosomes. From here, the arrangement 314 of markers on the scaffold could be used to arrange the markers in the linkage map 315 at a finer scales. 316
The target trait for this study was growth rate (Figure 1) , which was measured using 317 peduncle length, fork length, and weight (Table 1) . Growth rate is one of the primary 318 targets for selective breeding programmes because it relates directly to production 319 output. In fish, it typically has a moderate degree of heritability, and in the current 320 population was shown to be approximately ~0.26 and ~0.11 in year one and year 321 three, respectively (Ashton et al., 2018). Other factors that can affect growth rate 322 include feed amounts, fish density in tanks, and tank design (size, aeration, water 323 flow). We attempted to control for these factors in the current study by standardizing 324 the conditions between tanks and by standardizing measures from each tank before 325 using them in QTL analysis. 326
Genome-wide significant QTLs were found in the first year, but not in the third year, 327
which could indicate that the genetic basis of growth in early life is lost as the fish 328 age ( Figure 5 , Table 2 , Supplementary table 1) . This is also probably in part a result 329 of the decreased sample size from year one to year three, but may also reflect the other studies, which could suggest that some other non-genetic factor is playing a 344 larger role in determining the growth rate of this species in this specific culture 345 environment. 346
Determining precision of QTL placement is an important step in the QTL mapping 347 process as it provides useful information about where variants responsible for an 348 observed QTL signal (e.g. candidate genes or causative alleles) are likely to be 349 located. If high rates of linkage are present between markers, a confidence interval 350 for the QTL region can be estimated -as seen in R/QTL (Broman et al., 2003) . 351
However, in the current study, pairwise correlation between markers (linkage) across 352 the linkage map indicated very low linkage between markers over even relatively 353 short distances (< 5 cM) ( Figure 4 ). This is most obvious when comparing the 354 linkage observed within the single largest family to that observed in the entire 355 dataset (Figure 4 ). However, it is worth noting that on linkage groups with genome-356 wide significant QTLs, there does appear to be a number of markers surrounding 357 each QTL that are responding to the QTL signal. As such, it seems likely that there is 358 some linkage between markers at a fine scale (< 5 cM), but that this may be 359 obscured by the low precision of marker placement on the linkage map. If true, the 360 optimal way to get more precise placement of QTL regions will be improved SNP 361 positioning using either a second improved iteration of the linkage map, the genome 362 assembly, or a combination of both these resources. Until this is done it is likely that 363 causative genetic variations underlying the QTL signals will be within this 5 cM scale. 364
Previous studies have outlined a range of genes and molecular networks that are 365 thought to be candidates for further investigation in teleost species (De-Santis and 366 Jerry, 2007). While the QTL regions in the current study were too large to identify a 367 definitive link between the QTL signals and candidate genes, we did locate the 368 position of candidate growth genes close to putative QTLs (Supplementary table 2) . 369
This was possible using the available genome sequence data to link gene positions 370 back to their nearest markers. Central to growth rate in most species is the 371 somatotropic axis, which consists of the growth hormone releasing hormone 372 (GHRH), growth hormone inhibiting hormone (GHIH), growth hormone (GH), and 373 insulin-like growth factors (IGF-1 and -II) (De-Santis and Jerry, 2007). Of these, 374 growth hormone and insulin-like growth factor I and II were able to be mapped to the 375 linkage map in the current study. Growth hormone was located near (within 13.2 cM) 376 a QTL of genome-wide significance. In Sparus aurata, a close relative of C. auratus, 377 a microsatellite repeat in the promoter region has previously been implicated for 378 differences in growth rate (Almuly et al., 2000) . This gene would be a good candidate 379 in C. auratus because it is close to a QTL in the current study, and the causative 380 microsatellite has been observed in a range of teleost species. Myogenic regulatory 381 factors (myogenin, MyoD, myf-5, and myf-6) are another set of potential candidate 382 genes (De-Santis and Jerry, 2007). These regulatory factors have been implicated in 383 growth in terrestrial vertebrates, but not in fish species. In this study, the myogenin 384 gene was located on linkage group 3 within 2.6 cM of a genome-wide significant 385 QTL. In pigs, a polymorphism in the promoter region of myogenin was found to 386 account for up to 5.8% of differences in weight (te Pas et al., 1999), but no research 387 has investigated its effect in teleost species. A final candidate gene that was 388 positioned close (within 5cM) to a putative growth rate QTL was parvalbumin. A 389 mutation in the promoter region of this gene was found to be involved in weight 390 differences in the finfish species Lates calcarifer. 391
Future directions 392
While this study can confidently place the QTL in ~5 cM regions, further work is 393 needed to define the QTL regions more precisely. Improving the precision of these 394 regions would aid fine-mapping and further characterization of the described QTLs 395 and related candidate genes. Improved precision should be possible in the near 396 future using the assembled genome that is currently being developed at Plant & 397 Food Research. Future work should also aim to detect possible sex-linked markers, 398 to identify regions associated with sex determination, and to investigate sex-specific 399 recombination patterns across the genome. While sex-specific information was not 400 investigated in the current study, this is an area of particular interest in snapper and 401 the data from this study could be used to further investigate it. loci placed on the four largest scaffolds available from the genome. The position was 610 strongly correlated between the two approaches (scaffold_1 = 0.91, scaffold_2 = 611 0.53, scaffold_3 = 0.78, scaffold_4 = -0.95), but there is also noise around the 612 precise placement on the linkage map. 613 The positions of three candidate genes known to be involved in growth are also 625 indicated (a full list of candidate genes reviewed is shown in Supplementary Table  626 2). 627 Table captions 628 Table 1 . Peduncle length, fork length, and weight at year one and year three 629 including number or measurements (n), mean, and standard deviation (stdev). 630 Table 2 . Putative QTLs that were significant for at least one trait at a genome-wide 631 significance level of 5.33. Effect size (R 2 ) was estimated in QTDT as the difference 632 between the R squared values of the total model and the genotype model. Loci are 633
reported including their linkage group number (LG) and position (cM). The linkage 634 group-wide significance level is reported in the last column (LGW). 
